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A Role for 1 Integrins in Focal Adhesion Function
and Polarized Cytoskeletal Dynamics
Yamada, 2001; Hynes, 2002). Upon activation of associ-
ated Rho GTPases, actin filaments bundle and 1 in-
tegrins cluster further. This process galvanizes “inside
Srikala Raghavan,1,2 Alec Vaezi,1,2
and Elaine Fuchs1,*
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Laboratory of Mammalian Cell Biology out” signaling, promoting polymerization and assembly
and Development of ECM and facilitating stable substratum attachment
The Rockefeller University (Wennerberg et al., 1996; Danen et al., 2002; reviewed
New York, New York 10021 by Schoenwaelder and Burridge 1999; Hynes, 2002). In
contrast, Src-mediated and autotyrosine phosphoryla-
tions of FAK are thought to elicit a reduction in RhoA
Summary activity, causing focal adhesion turnover.
1 integrins typically represent only a subset of a
1 integrins have been implicated in the survival, cell’s integrins, whose importance and uniqueness have
spreading, and migration of cells and tissues. To ex- been revealed by gene targeting. In skin epidermis, the
plore the underlying biology, we identified conditions basal layer uses a plethora of integrins to synthesize
where primary 1 null keratinocytes adhere, prolifer- and attach to an underlying basement membrane rich
ate, and display robust v6 integrin-induced, periph- in ECM. In mice lacking the hemidesmosomal integrins
eral focal contacts associated with elaborate stress 64, the basement membrane is intact, but epidermis
fibers. Mechanistically, this appears to be due to re- detaches upon mild trauma (Dowling et al., 1996;
duced FAK and Src and elevated RhoA and Rock activ- Georges-Labouesse et al., 1996; van der Neut et al.,
ities. Visualization on a genetic background of GFPac- 1996). In contrast, mice lacking v6 exhibit wound-
tin shows that 1 null keratinocytes spread, but do so healing defects (Huang et al., 1998; Munger et al., 1999;
aberrantly, and when induced to migrate from skin Grose et al., 2002). Mice lacking 3 or its partner 1
explants in vitro, the cells are not able to rapidly reori- display defects in epidermal integrity, ECM assembly,
ent their actin cytoskeleton toward the polarized and proliferation (DiPersio et al., 1997; Hodivala-Dilke
movement. As judged by RFPzyxin/GFPactin videomi- et al., 1998; Brakebusch et al., 2000; Raghavan et al.,
croscopy, the v6-actin network does not undergo
2000). When targeted postnatally, 1 conditional null
efficient turnover. Without the ability to remodel their
epidermis exhibits defective wound healing (Grose et
integrin-actin network efficiently, 1-deficient kera-
al., 2002).
tinocytes cannot respond dynamically to their environ-
Further insights into the functional diversity of integ-ment and polarize movements.
rins stem from in vitro studies. Despite extensive investi-
gations, however, the functions of even the best-studiedIntroduction
integrin, 1, remain ambiguous. For example, 1 has
been deemed essential for cell proliferation, becauseHow cells regulate transmembrane integrin hetero-
existing 1 null lines were transformed by SV40 large Tdimers to synthesize and adhere to an underlying sub-
antigen for sustained viability (Gimond et al., 1999; Ba-stratum has a direct impact on the balance of prolifera-
gutti et al., 1996, 2001; Wennerberg et al., 1996; Danention, differentiation, apoptosis, and migration. 1 is the
et al., 2002); this said, there are some conditions in vivomost ubiquitous and promiscuous integrin, partnering
where 1 is dispensable (Bagutti et al., 1996; Grose etwith at least nine different  integrins. Implicated roles
al., 2002). Additionally, immortalized 1 null cells re-for 1 integrins are diverse and include cardiac muscle
placed by v3 have reduced RhoA activity, few actindifferentiation (Fassler et al., 1996), Schwann cell an-
stress fibers, and few large, peripheral focal adhesionschorage, ensheathing axons (Feltri et al., 2002), and
(contacts; Wennerberg et al., 1996; Danen et al., 2002).wound closure (Grose et al., 2002). How 1 integrins
However, overexpression of 3 and not 1 integrin canperform these functions and what distinguishes them
yield elevated Rho activity in other cells (Miao et al.,from the multitude of other integrins has only recently
2002). Even more puzzling is that in wild-type fibroblasts,begun to emerge.
51 is the major constituent of small focal complexesIntegrins respond to extracellular matrix (ECM) li-
(fibrillar adhesions), while v3 is enriched in the largegands, triggering a signal transduction cascade referred
focal contacts associated with stress fibers (Zamir etto as “outside in” signaling. 1 integrins utilize 1’s
al., 1999). Whether these discrepancies are due to varia-short cytoplasmic domain to cluster with a group of
tions in cell type, immortalization/selection, or culture1-interacting proteins to form focal adhesions. 1’s
conditions remains unclear.associates include focal adhesion kinase (FAK) and talin,
We have now tackled some of the paradoxes sur-which together bind other proteins such as Src, vinculin,
zyxin, paxillin, and tensin to bind actin filaments rounding 1 function by identifying conditions that
(Schoenwaelder and Burridge 1999; Giancotti and Ruos- avoid SV40 T antigen transformation and yet yield prolif-
lahti, 1999; Geiger and Bershadsky, 2001; Danen and erative cultures of primary 1 null keratinocytes. By acti-
vating wound-related v6, 1 null cells spread and
grow, enabling us to explore visually and biochemically*Correspondence: fuchslb@rockefeller.edu
2 These authors contributed equally to this work. the dynamics of focal adhesions and their associated
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cytoskeletal-directed movements. To examine integrin- efficiency to laminin 5, consistent with an absence of
31 but the presence of 64, two major laminin recep-related differences in focal adhesion-cytoskeletal dy-
namics in living cells, we used conditional knockouts, tors. KO cells did not bind to collagens, which require
21. Neither KO nor WT cells adhered to tenascin (nottransgenic mice, and molecular genetics to engineer
wild-type and 1 conditional null keratinocytes that ex- shown), but both adhered comparably to vitronectin,
recognized by v3 and v6. Although v3 is notpress RFPzyxin and/or GFPactin. By monitoring the dy-
namics and biochemistry of focal adhesion-cytoskeletal expressed by keratinocytes (Kubo et al., 2001), v6 is
upregulated during wound healing, and 6 null keratino-movements, turnover, and reorganization in cultured
cells and skin explants, we have gained new insights cytes exhibit reduced ability to migrate on fibronectin
(FN) and vitronectin (Huang et al., 1998). Thus, we fo-into how these processes go awry when 1 integrins
are missing. cused on v6.
Keratinocytes express three FN receptors: v6,
v5, and 51 (Lange et al., 1995; Huang et al., 1998).Results
Not surprisingly, WT keratinocytes displayed greater ad-
hesion to FN than their 1 null counterparts (Figure 2A).Primary Keratinocytes Do Not Require 1
The lack of good 5 antibodies (Abs) precluded a de-Integrins to Proliferate
tailed analysis of v5, but a role for v5 seemed un-Prior studies on conditional 1 null epidermis indicated
likely, because a skin phenotype was not noted in 5that a loss of proliferation and 64-containing hemi-
null mice (Huang et al., 2000), and in vitro, v5 has onlydesmosomes occurred concomitantly with a failure to
been implicated in terminal differentiation (Jones et al.,maintain an intact underlying basement membrane
1996). In contrast, a near quantitative obliteration of FN(Raghavan et al., 2000; Brakebusch et al., 2000). To
binding was achieved in 1 null cells treated with aninvestigate possible compensatory roles of other integ-
v6-blocking antibody. Fluorescence-activated cellrins, we isolated epidermal keratinocytes from E17.5
sorting (FACS) with integrin Abs and GFP revealed com-skin of knockout (KO) and control (wild-type, WT) em-
parable surface levels of v6 in 1 null and WT GFPac-bryos, and subjected them to different culture condi-
tin cells, and immunoblot analyses with an v Ab pro-tions. At this age, the basement membrane and skin
vided further confirmation (Figures 2B and 2C). Thus,were still largely intact, but 1 was absent (Figures
KO cells seemed to bind FN through v6, while WT1A–1C).
cells appeared to do so by a combination of v6 and1 null cells attached but did not spread on laminin
51.5 in low-calcium medium (Figures 1D and 1E). This be-
havior was similar to that obtained with 3 null keratino-
cytes (DiPersio et al., 1997) and with 1 null keratino- 1 Null Keratinocytes Display an FN-Induced
cytes on type I collagen (Grose et al., 2002). In contrast, Network of Peripheral Focal Contacts
when plated on a fibroblast feeder layer in the presence and Actin Stress Fibers
of elevated calcium, 1 null cells attached, spread, and We next used immunofluorescence microscopy to as-
formed colonies (Figures 1F and 1G). At 32C, the cul- sess how the status of 1 might affect focal adhesion
tures could be passaged for months without appreciably formation on FN. As expected, WT cells were well spread
altering their behavior. These findings may explain why and displayed focal adhesions that labeled with Abs for
Bagutti et al. (2001) were able to derive keratinocytes 1 and other focal adhesion-associated proteins such
from 1 null embryonic stem (ES) cells cultured on der- as vinculin (Figures 3A–3C). Robust adhesions (focal
mal fibroblasts and supplemented with growth factors. contacts) were concentrated at the cell periphery,
To broaden the repertoire of subsequent experiments, whereas smaller adhesions (focal complexes) appeared
we mated K14-Cre, conditional 1 null mice (Raghavan as centrally positioned dots (arrows). Focal contacts
et al., 2000) with K14-GFPactin transgenic mice (Vaezi et labeled more strongly with anti-6, while focal com-
al., 2002). Cultured 1 null, K14-GFPactin keratinocytes plexes were enriched for 1 (Figures 3D–3F). Similar
could readily be distinguished from feeder cells by results were obtained with v and 3 Abs (not shown).
epifluorescence, enabling live cell imaging (Figures 1H This difference was seen whether cells were isolated or
and 1I) and growth curve analyses (Figure 1J). Growth within an epidermal sheet (see below).
rates of these cells were surprisingly similar, and no KO cells displayed a paucity of focal complexes, pro-
differences were noted in cell death as judged by trypan viding genetic support for their dependency on 1 (Fig-
blue staining. Additionally, cultures from different litters ures 3G–3I). Interestingly, however, they displayed nu-
could be passaged for up to 15 generations, and colony- merous peripheral v6 focal contacts, which also
forming efficiencies and average colony sizes were contained vinculin, zyxin, paxillin, and talin (Figures 3
similar. and 4). Of the Abs tested, only anti-tensin did not con-
vincingly label focal adhesions either in WT or 1 null
keratinocytes, despite our confirmation of strong label-Robust Adhesion in the Absence of 1
Is Attributable to v6 ing in control fibroblasts (not shown; Lo et al., 1997;
Zamir et al., 1999).To identify the ECM responsible for growth of 1 null
keratinocytes on feeders, we performed 1 hr cell adhe- In WT cells, focal adhesions were more numerous,
predominantly because of the prevalence of focal com-sion assays on different ECM (Figure 2A). As expected,
the cells adhered weakly when exposed to control poly- plexes (Figure 4). These small structures were typically
not associated with actin stress fibers, and conse-D-lysine, which promotes adhesion through electro-
static interactions. KO cells adhered but with reduced quently both the complexes and their associated actin
Integrins and Cytoskeletal Dynamics
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Figure 1. 1 Null Keratinocytes Can Spread and Proliferate
(A) E17.5 embryos from a mating of heterozygous K14-Cre, 1 fl/ animals.
(B and C) Immunofluorescence of frozen sections (10 m) of embryonic back skin. 1 Abs are noted in the lower right of each frame; color
codings correspond to the 2 Abs used (green, FITC; red, Texas red).
(D–I) Keratinocytes from E17.5 back skins of WT and KO embryos  genetic background of K14-GFPactin. Cells were cultured on either
laminin 5 (D and E) or fibroblast feeders (F–I).
(J) Growth curves. Equal numbers of adhering cells were seeded on feeders, and each day, triplicate wells were trypsinized and GFPactin-
positive cells were counted. Error bars denote SDs of three independent experiments.
The scale bars represent 10 m for (D), (E), (H), and (I), and 50 m for the others.
filaments were difficult to visualize (Figures 4C and 4E). are not essential for the formation of such adhesive-
cytoskeletal networks.In contrast, focal contacts localized to the tips of actin
stress fibers, where they were often aligned as a rod in
the orientation of the actin fiber (Figure 4). While often
present in WT and 1 null keratinocytes in similar num- Reduced FAK and Tyrosine Phosphorylation
in 1 Null Cellsbers, they were most easily visualized in 1 null cells,
where nearly every focal adhesion resided at the tip of The focal contact-actin network of 1 null keratinocytes
bore a marked resemblance to that of fibroblast linesan actin cable.
Elaborate arrays of peripheral focal contacts and actin derived from both FAK-deficient and Fyn-Src-Yes-defi-
cient embryos (Ilic et al., 1995; Klinghoffer et al., 1999).stress fibers have not been observed previously in 1
null cells (Gimond et al., 1999; Bagutti et al., 1996, 2001; In fibroblasts, integrin engagement is known to trigger
the association and activation of FAK, and in turn SrcGrose et al., 2002; Wennerberg et al., 1996; Danen et
al., 2002). We did not evaluate the extent to which v6 (reviewed by Schlaepfer et al., 1998), prompting us to
address whether integrin signaling might be defectivemight be unique in its capacity to generate such net-
works in the absence of 1 integrins. However, the in1 null keratinocytes. We first immunoprecipitated cell
extracts with a panel FAK Ab, followed by immunoblotdata provided compelling evidence that 1 integrins
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Figure 2. 1 Null Keratinocytes Can Adhere to Fibronectin
(A) Cell adhesion assays. Cells were plated for 1 hr on either poly-D-lysine (control) or various ECM, and adhering cells were trypsinized and
counted. The ability of KO cells to adhere to FN was abolished by exposing cells to an v6-specific surface Ab prior to plating. Error bars
reflect SD of triplicate experiments. ECM and integrin receptors are: Lam5, laminin 5 (31; 64); col4, collagen IV (21); VN, vitronectin
(v5, v6); FN, fibronectin (51; v6).
(B) FACS analysis. K14-GFPactin WT or 1 null keratinocytes were subjected to FACS using GFP and the integrin surface Abs indicated.
Green histograms denote control cells (2 Ab alone); purple histograms denote cells exposed to 1 and 2 Abs.
(C) Immunoblot analysis. Total cell proteins were subjected to SDS-PAGE and immunoblot analysis with the Abs indicated.
analyses with various Abs specific for different phos- persisted even when we measured FAK activation in
response to wounds (scratches) introduced in the mono-phorylation sites on activated FAK.
Whereas overall levels of FAK were similar, the au- layer, a treatment known to elicit a robust increase in
FAK activation (Schlaepfer and Hunter, 1998; Figuretoactivated form of FAK, pY397-FAK, was reduced in
the absence of 1 (Figure 5A). pY397-FAK is known to 5A). The reduction in autophosphorylation of FAK was
also detected by straight immunoblot analysis of cellserve as a docking site for the recruitment of Src family
kinases, which in turn can further phosphorylate FAK at extracts, underscoring the sensitivity of the assay and
the Ab specificity (Figure 5A″).a number of additional sites (reviewed by Schlaepfer et
al., 1998). As judged by site-specific, tyrosine phosphor- A priori, the reduction in FAK activity could be attribut-
able to either the inability of FAK to localize or becomeylation-specific Abs, these putative Src kinase target
sites were also less phosphorylated. These differences activated at the enlarged v6-positive, 1-negative
Integrins and Cytoskeletal Dynamics
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Figure 3. Small Focal Complexes Are Enriched for 1 Integrins and Are Diminished in 1 Null Keratinocytes
Keratinocytes were plated on FN and cultured in high-calcium medium, prior to processing for indirect immunofluorescence using the integrin
and focal adhesion Abs indicated. Color coding corresponds to the 2 Abs used. Areas boxed are shown at higher magnification. Note that
small, central focal complexes (arrows in [F]) label more strongly with anti-1 than anti-6, and are significantly diminished in KO keratinocytes
(arrows in [G] and [G]). The scale bars represent 10 m; in (F), the bar applies to (A)–(I); in (I), the bar applies to (G)–(I).
focal contacts or to the paucity of focal complexes. To (up to 60%) kinases (Volberg et al., 2001). In WT keratino-
cytes, this drug caused a reduction in small focal com-evaluate these possibilities, we subjected cultures to
immunofluorescence microscopy using a phospho- plexes and enhancement of robust focal contacts (Fig-
ures 5D and 5E). The overall effects were similar to thoseY397 anti-FAK Ab. Anti-FAK stained most if not all the
focal adhesions in both WT and KO keratinocytes (Fig- seen in KO cells treated with DMSO and/or with AG1007
(Figure 5F). This result further suggests that a reductionures 5B and 5C). The finding was consistent with the
presence of a conserved FAK-interacting domain in the in tyrosine kinase activity favors the formation or stabili-
zation of focal contacts at the expense of focal com-tail segment of 6 as well as 1 (Munger et al., 1999).
Based upon these results, the reduction in FAK activity plexes.
is most likely attributable to a paucity of the small focal
complexes in KO cells.
To assess whether a reduction in overall FAK activity Keratinocytes Lacking 1 Integrins Exhibit
Increased Resistance to RhoA and Rockand phosphotyrosine levels might be functionally re-
sponsible for the increased size of focal adhesions in Inhibitors When Adhered to FN
Although both WT and KO keratinocytes spread on fibro-1 null keratinocytes, we treated cells with tyrphostin
AG1007, an inhibitor of both Src (up to 80%) and FAK nectin, WT cells spread approximately two times more
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Figure 4. Focal Adhesions in 1 Null Kera-
tinocytes Are Predominantly Large, Periph-
eral Focal Contacts Associated with the Tips
of Actin Stress Fibers
Keratinocytes were cultured for 7 days in
high-calcium medium on feeder cells, and
then processed for indirect immunofluores-
cence using the Abs indicated. Color coding
corresponds to the 2 Abs used. Arrows de-
note focal complexes, diminished in KO cells;
arrowheads denote focal contacts, nearly ex-
clusively at actin stress fiber tips. Asterisks
denote star-like organization of actin fibers,
common to the KO cells. The scale bars rep-
resent 10 m.
and typically displayed numerous, well-extended lamel- Defects in Polarized Cell Movements
and Actin-Focal Adhesion Dynamicslipodia, while KO cells exhibited fewer lamellipodia and
more star-like foci of crossed actin cables (Figures 6A in 1 Null Keratinocytes
Both v6 and 1 integrins are involved in wound heal-and 6B, left graph). Despite some heterogeneity, 80%
of the WT and KO cells displayed these distinctive fea- ing and cell migration (Huang et al., 1998; Grose et al.,
2002). To begin to understand how, we prepared E17.5tures, which were most obvious in examining living kera-
tinocytes (examples shown). skin explants from WT and 1 null embryos and exam-
ined living cells as they migrated from the explants out-Reflective of cells under excessive tension, the star-
like patterns of crossed actin stress fibers seen in 1 ward onto an FN substratum. Keratinocytes and dermal
fibroblasts were readily distinguished on the basis of 6,null keratinocytes resembled those described in other
cells expressing elevated RhoA or Rock, a Rho-acti- specific for keratinocytes, and anti-1 staining, much
stronger in fibroblasts than in WT keratinocytes, and ofvated kinase involved in actin-myosin network formation
(Nakano et al., 1999; Etienne-Manneville and Hall, 2002). course absent in 1 null cells.
Both WT and KO cells began to migrate within a day,Indeed, similar actin patterns could be generated in WT
keratinocytes transfected with dominant-active forms and continued to move outward from explants in subse-
quent days (Figures 7A and 7B). The WT keratinocytesof RhoA or Rock (Figures 6C and 6D). When exposed
to the RhoA inhibitor C3 enzyme or the Rock inhibitor more proximal to the explant displayed larger focal con-
tacts enriched in 6 (Figure 7A), whereas those migrat-Y27632, the robust focal contact-actin cable networks
were dissipated and replaced by smaller focal com- ing farthest from the tissue displayed numerous focal
complexes, most of which contained both 1 and 6plexes (Figures 6G and 6H). While this was true for both
WT and KO keratinocytes, the focal contact-actin net- integrins (Figure 7A″). Irrespective of their position rela-
tive to the explant, migrating 1 null cells displayedworks of 1 null cells were significantly more resistant
to both of these inhibitors, as tested by dose response larger and more numerous focal contacts than their WT
counterparts (Figures 7B and 7B″). Moreover, while theassays (right graphs). Together, these findings sug-
gested that v6 focal contacts have the capacity to rod-shaped focal contacts of WT cultures were nearly
always directed toward the distal edge, those in KOform focal complexes and spread efficiently, but without
1, elevated RhoA/Rock levels preclude them from cultures often seemed random (Figure 7B).
The relevance of these differences was illuminated bydoing so.
Integrins and Cytoskeletal Dynamics
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Figure 5. Reduced FAK/Src Activity in 1 Null Keratinocytes
(A, A, and A″) FAK/Src activity assays. FAK/Src activities were estimated by immunoprecipitating total protein extracts with anti-FAK or
control nonspecific Abs, and then subjecting IPs to SDS-PAGE and immunoblot analyses with the FAK phosphotyrosine-specific Abs indicated.
Y397 is an autophosphorylation site; many of the other sites are substrates for Src. In (A), cultures were subjected to “wounding” by introducing
scratches in the culture, and 1 hr later, cells were lysed and subjected to IP and immunoblot analyses as in (A). In (A″), cell lysates were
subjected to SDS-PAGE and immunoblot analyses with the Abs indicated.
(B and C) Phospho-FAK immunofluorescence. Representative examples of keratinocytes stained with Abs as indicated. Color codings corre-
spond to the 2 Abs used.
(D–F) Drug inhibition of FAK/Src. Cells were trypsinized and plated on FN-coated coverslips in the presence of DMSO  100 M FAK/Src
inhibitor, tyrphostin AG1007. Shown are representative examples.
Note: AG1007-treated WT keratinocytes displayed fewer central focal complexes and more robust peripheral focal contacts, analogous to
KO cells  AG1007. The scale bars represent 10 m.
examining the orientation of actin cables in WT and KO dynamics. To explore this possibility, we transfected
GFPactin, WT and KO cells with RFPzyxin (Bhatt et al.,explants (Figures 7D and 7E). In WT cells, actin bundles
were often aligned in the direction of cell movement 2002), and conducted double-epifluorescence videomi-
croscopy (Figure 8; Supplemental Movies 2 and 3).(parallel arrows denote directionality), except for the
region just behind the leading front, where actin bundles We first looked at the dynamics of actin and zyxin
during focal adhesion assembly. Regions where lamelli-were parallel to the front; a similar phenomenon has
also been observed during wound healing (Kiehart et al., podia formed in WT keratinocytes frequently became
infiltrated with dynamic focal adhesions (Figure 8, col-2000). In KO cells, however, actin cables often appeared
randomly oriented, a feature accentuated by the star- umn A). This was marked by the appearance of RFPzyxin
(3–9 min). As short actin bundles assembled at RFPzyxinlike constellations, which were more than three times
more prevalent in KO cultures (arrowheads in Figures adhesions, lamellipodia spread and adhered to the sub-
stratum (9–12 min). Sometimes, these focal complexes7E and 7E). Correlating with these aberrations in focal
contact-actin organization was an inefficiency in migra- and associated actin bundles grew to resemble focal
contacts and stress fibers, which then persisted for ex-tion of KO keratinocytes from the explants (see graphs).
These differences were even more pronounced when tended periods (minutes to hours). In other areas, these
structures waned or failed to develop further, and lamel-examined in living GFPactin explants (see Supple-
mental Movie 1 at http://www.developmentalcell.com/cgi/ lipodia subsequently retracted. Please see Supplemen-
tal Movies 2, WT.1 and 3.content/full/5/3/415/DC1).
Lamellipodia formed in 1 null keratinocytes, but were
rarely followed by an invasion of RFPzyxin or formationDefects in Focal Adhesion Turnover and Dynamics
in 1 Null Keratinocytes of associated short GFPactin bundles (Figure 8, column
B; Supplemental Movie 3, KO). The failure of focal com-The 1 null-related defects in actin dynamics and di-
rected lamellipodial adhesion seen in skin explants were plexes to assemble quickly in these zones appeared to
underlie the continuous membrane fluttering resultingsuggestive of an underlying defect in focal adhesion
Developmental Cell
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Figure 6. Cell Spreading Is Impaired in 1 Null Keratinocytes and Alleviated by Reducing Rho or Rock Activity
(A and B) Cell size and shape differences. After 24 hr on FN, cells were subjected to either epifluorescence (GFPactin) or immunofluorescence
(anti-vinculin). Shown in (A) and (B) are representative examples of the actin-focal adhesion network and the degree of spreading. Asterisks
in (B) denote star-like actin cables.
(C and D) Increased actin bundling and star-like cables in WT keratinocytes expressing dominant-active, myc-tagged versions of L63RhoA
(C) and Rock (D).
(E–H) Rho and Rock inhibition. After culturing for 24 hr, cells were treated with 0, 0.5, and 1.3 M Tat-C3 (Sauzeau et al., 2001) for 6 hr or 0,
5, and 20 M Y27632 (Yoshitoni Pharmaceutical Industry) for 30 min, and then processed for indirect immunofluorescence microscopy. Note
that both WT and KO Rho- or Rock-inhibited keratinocytes are well spread, lose focal contact-actin stress fiber networks, and gain small
peripheral focal complexes (arrows). Boxed areas are at higher magnification in (G″) and (H″). The scale bars represent 10 m.
Graphs. Tabulation of data from one representative experiment as outlined above (repeated three times). Cell spreading was on FN-coated
coverslips; at the times indicated, the surface area of 65 cells was measured using the Metamorph computer software program. Shown is
the area in arbitrary units, along with standard error to the mean. Sensitivities to Rho/Rock inhibition were estimated by treating with the
concentrations of inhibitors indicated and assessing the percentage of cells (n 	 65) displaying a loss of focal contacts/actin stress fibers as
a consequence. C3, Tat-C3; Y, Y27632.
at the KO cell borders. Despite the failure of 1 null contraction and movement did take place, only a few
focal contacts underwent turnover, while most werekeratinocytes to transiently anchor lamellipodial mem-
branes, the cells still displayed abundant focal contacts, dragged by the contractile movements of their associ-
ated actin cables (Figure 8, column D). The failure ofwhich upon Rock inhibition yielded focal complexes.
Thus, the deficiency of the 1 null cells appeared to be these large contacts to turn over efficiently upon con-
traction of their associated actin cable accounted for thenot in their ability to make, but rather to turn over, the
larger focal contacts. To test this, we examined the rod shape of the focal contacts. The reduced turnover
explained why the rod-like focal contact structure wasdynamics of existing focal contact-stress fiber net-
works. often more exaggerated in 1 null than in WT cells.
Finally, as readily visualized by examining SupplementalIn WT cells, stress fibers and focal contacts were
dynamic, undergoing smooth, contracted or retracted Movie 2, KO.2, the star-like crossed actin cables noted
previously were due to opposing contractile move-movements (Figure 8, column C). Videomicroscopy re-
vealed that these networks also underwent turnover, a ments, leading to unproductive “tugs of war” rather than
coordinated polarized movements. Taken together,process that appeared to liberate RFPzyxin and GFPac-
tin for assembling focal complex-actin networks in re- these findings provided a graphic illustration that the
focal contacts and associated actin cables in the 1 nullgions of new lamellipodia (Supplemental Movie 2, WT.2).
In contrast, stress fibers and focal contacts were signifi- keratinocytes are less dynamic, more strongly adherent,
and turn over less efficiently than the focal contacts ofcantly more static in KO cells, often persisting over pro-
longed periods (Supplemental Movie 2, KO.1). When WT cells.
Integrins and Cytoskeletal Dynamics
423
Figure 7. 1 Null Keratinocytes Are Defective in Reorganizing Focal Contact-Actin Networks to Polarize Outgrowth from Skin Explants
WT (A, A, A″, and D) or KO (B, B, B″, E, and E) skin explants were cultured for 2 days prior to DIC and fluorescence microscopy. Abs are
as indicated, with color coding corresponding to the 2Abs used, except that phalloidin was rhodamine labeled. Dashed borders denote distal
boundaries of migration of cells from their explanted skin (at base). Boxed areas in (A) and (E) are shown at higher magnification in (A″)
(double immunofluorescence) and (E). Dist and prox, distal and proximal domains of migration, relative to explant.
Notes: (1) Dermal fibroblasts (fib) express high levels of 1 and are negative for 6; (2) focal adhesions appear larger and more numerous in
KO outgrowths; (3) actin cables are often aligned along the direction of cell migration in WT but not KO explants (short arrows in [D]; long
arrow in [D] denotes direction of outgrowth for both [D] and [E] explants); and (4) star-shaped actin cables (arrowheads) are numerous in
migrating cells from KO explants. The scale bars represent 10 m unless otherwise indicated.
Explant outgrowth graph. For each of five WT and five KO explants, outgrowth over ten radial sectors was measured daily. The distances
from the margins of the explant are provided in arbitrary units (error bars show SD). Supplemental Movie 1 provides migration of GFPactin
WT and 1 null explant outgrowths.
Discussion null keratinocytes to proliferate without transformation
has not been observed for other 1 null cell types, v6
integrins may be unusual, perhaps atypical, in their abil-Most studies on 1 function point to an essential role
for 1 integrins in assembling and organizing ECM ity to regulate cell proliferation. In this regard, it is in-
triguing that v6 are among those integrins upregu-(Giancotti and Ruoslahti, 1999; Hynes, 2002). No other
integrins have been shown to compensate for this im- lated at wound sites in skin (Huang et al., 1996;
Haapasalmi et al., 1996), and these are places whereportant function, and our studies with v6 posed no
exception. However, by defining conditions to activate epidermal proliferation can occur even in the absence
of keratinocyte-derived 1 integrin (Grose et al., 2002).v6 in 1 null keratinocytes, we were able to exclude
some other functions ascribed solely to 1 integrins, Another surprising feature is the ability of 1 null cells
to generate robust peripheral focal contacts and largeas well as uncover several novel roles for 1 integrins
that had not been appreciated previously. actin cables. Focal contact-actin networks have been
reported in 3 null keratinocytes, which lack the majorFirst, our data convincingly demonstrate that 1 in-
tegrins are not essential for signaling needed to maintain epidermal partner for 1, but in that case, the features
were ascribed not to an overall loss of 1 function butsustained cell proliferation. Because the ability of 1
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Figure 8. RFPzyxin and GFPactin Reveal Aberrant Focal Adhesion-Actin Dynamics in 1 Null Keratinocytes
Transgenic GFPactin WT and 1 null keratinocytes were transiently transfected with CMV-RFPzyxin, and double-epifluorescence videomicro-
scopy was conducted to monitor coordination of focal adhesion and associated actin dynamics. For each column, still frames of a single
representative cell region are shown, where t 
 0 corresponds to the start of the corresponding supplemental movie.
(Column A) Typical example of WT lamellipodium, in which RFPzyxin and associated short actin bundles invade and promote spreading,
thereby transiently preserving the forward direction of movement (arrows; Supplemental Movie 2, WT.1).
(Column B) Typical example KO lamellipodium, which fails to progress into productive polarized movement. Note paucity of RFPzyxin or
associated actin bundles in lamellipodium, resulting in rapid membrane fluttering, with no productive outcome (Supplemental Movie 2, KO.1).
(Column C) Region of WT cell where abundant stress fibers and focal contacts reside. The focal contacts and associated actin fibers are
nevertheless dynamic, and they contract and move coordinately, in this case withdrawing from the area at left, which is then followed by new
lamellipodia (Supplemental Movie 2, WT.2).
(Column D) Area of KO cell where abundant stress fibers and focal contacts reside. KO focal contacts persist for much longer periods than
normal (Supplemental Movie 2, KO.1). Example shows focal contacts and associated actin cables that eventually withdraw from the region,
but rather than turning over, most contacts are dragged, yielding exaggerated, rod-like contacts (Supplemental Movie 2, KO.2). Xs represent
cytoplasmic reference points for images taken at different time points. Arrowheads denote specific focal contacts, monitored over the four
frames shown. The scale bars represent 10 m. Supplemental Movie 3 shows the entire video of these areas.
rather to a compensatory increase in 21 and 51, surprising that some differences will arise. However, our
findings are in good agreement with the notion thatleading to quite a different outcome that included en-
hanced spreading and migration (Hodivala-Dilke et al., central focal adhesions are enriched for 1 integrins
and that peripheral focal contacts normally contain1998). Thus, our results provide a unique example where
loss of 1 function is compatible with the assembly mixed integrin complexes, which in keratinocytes on
FN, contain 1 and v6 integrins. Our studies alsoof an elaborate focal contact-actin network. Moreover,
these combined data link1 integrins, rather than elab- provide direct genetic evidence that without 1, the
equilibrium toward focal contacts is shifted. This shiftorate focal adhesion-actin networks per se, to the pro-
cess of cell spreading and migration. occurs at the expense not only of the smaller, more
dynamic focal adhesions, but also of a more dynamicThe multiplicity of focal adhesion constituents has
long suggested a higher ordered complexity in regulat- actin filament network.
Our results underscore a novel and distinct role foring the dynamics of cell-substratum attachment. In fi-
broblasts, small, v3-containing focal adhesions exist 1 integrins in regulating this equilibrium in focal adhe-
sion dynamics. Not surprisingly, three well-known regu-at the edge of Rac-activated lamellipodia, and it has
been postulated that they may convert to larger focal lators of focal contacts, FAK, RhoA, and Rock, appear
to be at the heart of this regulation. As judged by immu-contacts through activation of RhoA (Ridley and Hall,
1992; Kiosses et al., 2001; Etienne-Manneville and Hall, nofluorescence with purportedly specific phospho-FAK
Abs (Schlaepfer and Hunter, 1998; Hodivala-Dilke et al.,2002). Recently, it was suggested that at one pole of
the v3-rich peripheral focal contacts, 51-containing 1998; Zamir et al., 1999), activated FAK localized to the
focal contacts of 1 null keratinocytes. By this criterion,“fibrillar adhesions” assemble and are then actively trans-
ported to the center of the cell, where they participate in the underlying defects in focal contact turnover and in
overall FAK and Src activities were not attributable toFN assembly (Zamir et al., 1999; Katz et al., 2000).
Keratinocytes express different integrins and focal ad- a defect in targeting FAK to v6 focal contacts, and
indeed, ligand-engaged v6 can bind and activate FAKhesion components than fibroblasts, and hence it is not
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(Munger et al., 1999). Rather, in the absence of 1, v6 utilized in retractile movements, and the ability to turn
appears unable on its own to activate FAK to the thresh- them over efficiently is necessary to clear an area for
old levels needed to properly control focal adhesion- redirected movements elsewhere.
actin cytoskeletal dynamics. Irrespective of the precise In summary, our findings provide new insights into
underlying mechanism, the consequences to this imbal- the roles of 1 integrins and their associated actin
ance are excessive adhesion and inefficient spreading. cytoskeletal fibers and regulatory machinery. Without
Although tyrosine kinase inhibitors can block focal 1 integrins, keratinocytes can proliferate, adhere, and
adhesion formation in some situations, a greater role assemble a robust network of focal contacts and actin
for tyrosine phosphorylation has been found in focal stress fibers. However, they are unable to turn them over
adhesion turnover and cell motility (Crowley and Hor- efficiently or remodel their associated cytoskeleton, and
witz, 1995; Ilic et al., 1995; Fincham and Frame, 1998; thus are deficient in orchestrated, polarized movements
Schlaepfer and Hunter, 1998; Ren et al., 2000; Hagel et in response to environmental stimuli.
al., 2002). Thus, activated FAK negatively regulates
RhoA activity, and FAK null fibroblasts express robust Experimental Procedures
actin stress-fiber networks that can be dissipated by
Mice and CultureRock inhibition (Chen et al., 2002). The ability of Rho
1 integrin floxed/K14-Cre mice (Raghavan et al., 2000) and K14-and Rock inhibitors to disperse both stress fibers and
GFPactin mice (Vaezi et al., 2002) were described previously. Homo-associated focal contacts in 1 null keratinocytes pro-
zygous 1 integrin floxed, K14-Cre, K14-GFPactin mice were gener-
vides compelling evidence that a FAK-RhoA imbalance ated by mating, and genotyping was confirmed by PCR analysis of
is at the root of the focal adhesion-cytoskeletal imbal- toe skin DNAs.
ance in these cells. Although more complicated mecha- Skin keratinocytes from E17.5 embryos were plated onto either
different ECM or a mitomycin C-treated 3T3 fibroblast feeder layer.nisms are possible, our data are consistent with a model
Cells were cultured as described (Rheinwald and Green, 1975), butwhereby in the absence of1 integrins, FAK/Src activa-
at 32C, on FN (5 g/ml; Boehringer Mannheim). Low-calcium (0.05tion is not fully achieved, thereby diminishing p190Rho-
mM CaCl2) medium was prepared by Chelex (Bio-Rad Laboratories)GAP phosphorylation, and yielding elevated RhoA/Rock
treating fetal bovine serum. In some cases, primary keratinocyte
activities. colonies were isolated and then subcultured for up to 15 passages.
Paradoxically, studies with other 1 null cell types For transient transfection, cells were exposed to FuGene and CMV-
have revealed a paucity of stress fibers and peripheral RFPzyxin (gift from A. Huttenlocher, University of Wisconsin; Bhatt
et al., 2002) or L63RhoGFP (gift from A. Hall, University College,focal contacts, suggesting that 1 integrins may be
London). The Tat-C3 exoenzyme was introduced into cells by mak-required for strong activation of RhoA. Our findings pro-
ing a fusion protein of the active domain of C3 and TAT protein ofvide a graphic exception to this previously held view.
HIV-1 (Sauzeau et al., 2001). Y27632 was used as described pre-
This said, differential regulation of RhoA-GTP, either viously (Vaezi et al., 2002).
through differential FAK activation of integrins (Ren et
al., 2000) or via other routes (Arthur et al., 2000; Danen
Cell Adhesion Assay
et al., 2002; Miao et al., 2002), are mechanisms consis- A 96-well plate was coated with ECM (10 g/ml) or poly-D-lysine
tent with our findings and worth exploring in greater overnight at 4C. Wells were blocked with 10 mg/ml heat-inactivated
depth in the future. BSA for 1 hr at 32C. Cells (5  104) were plated in triplicate and
allowed to attach for 1 hr. For the Ab blocking experiment, cellsImportantly, an 1-lacking, focal contact-actin
were incubated with 10 g/ml 10D5 Ab for 20 min at 4C prior tostress fiber network is not deleterious to the isolated
plating (Huang et al., 1998; Munger et al., 1999). After removingKO keratinocyte, and in fact, cells that harbor them seem
nonadherent debris, cells were trypsinized and counted. ECMs wereto adhere better and proliferate normally. Why in the
purified laminin 5 (gift of T. Nishiyama, Shiseido Life Science Re-
context of a tissue does this type of infrastructure prove search Center, Yokohama, Japan), human FN (GIBCO), and vitronec-
problematic? Our findings demonstrate that without 1 tin and collagen IV (Chemicon).
integrins, focal contacts and associated actin cables
are not very dynamic. Consequently, upon receiving a FACS Analysis
migratory stimulus, 1 null keratinocytes are unable to GFPactin keratinocytes (WT or 1 null) were trypsinized, washed
respond by efficiently turning over their focal contact- twice with PBS, and blocked with PBS plus 5% FBS for 30 min at
4C. Cells were resuspended in 1 Ab (1:100) in block for 30 min atactin network and initiating more transient, smaller focal
4C, washed three times with PBS, and incubated with PE-conju-adhesions. Such defects are likely to pose considerable
gated 2Abs (1:100) for 30 min at 4C. Cells were washed three timesproblems for polarized cell migration, as we have dem-
with PBS and resuspended in PBS containing propidium iodide andonstrated here for skin explants, as well as for embryonic analyzed on a FACScan (Becton Dickinson).
development and for homeostasis and injury responses
in normal adult tissues.
Immunofluorescence, Immunoprecipitations,
By following the simultaneous movements of trans- and Immunoblots
genic GFPactin and RFPzyxin, we also discovered that Tissues or cells were subjected to immunofluorescence microscopy
coordinate reorganization of focal adhesions-actin fi- (Dowling et al., 1996) and analyzed using a confocal microscope
bers, key to cellular movements, is dramatically im- (LSM 510; Carl Zeiss, Inc.). Monoclonal Abs were rat anti-1 (1:100),
v6 (1:100) (Chemicon); rat anti-4 (1:50; Pharmingen); mouse anti-paired in 1 null keratinocytes. The combination of vid-
vinculin (1:100; Sigma); mouse anti-paxillin (1:100; Upstate Biotech-eomicroscopy and genetics enabled us to show that
nology); and anti-6 (1:2; kind gift of D. Sheppard). Rabbit polyclonalproductive, lamellipodia-mediated movements only oc-
Abs were tensin (1:50; Lo et al., 1997); laminin 5 (1:200; gift of R.
cur efficiently when small, focal adhesions-actin bundle Burgeson); zyxin (1:100; gift of M. Beckerle); and panel phospho-
units form just behind the leading edge, and these re- FAK (Biosource International). Additional reagents were TRITC/FITC
quire 1 integrins. The images also provide support phalloidin (1:1000) and DAPI (1:5000) (Sigma); fluorescent-conju-
gated 2 Abs (Jackson ImmunoResearch Laboratories); AG1007 (giftfor the view that focal contacts and stress fibers are
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of A. Levitzki and M. Gazit, Hebrew University; used at 1–10 M, Bhatt, A., Kaverina, I., Otey, C., and Huttenlocher, A. (2002). Regula-
tion of focal complex composition and disassembly by the calcium-and stored as 100 mM stock in DMSO at 20C).
For immunoprecipitations, cells were lysed in RIPA buffer (50 dependent protease calpain. J. Cell Sci. 115, 3415–3425.
mM Tris [pH 8.0], 150 mM NaCl, 2 mM EDTA, 1% Triton, 1% Na Brakebusch, C., Grose, R., Quondamatteo, F., Ramirez, A., Jorcano,
deoxycholate, 0.1% SDS, protease inhibitor cocktail, 2 mM PMSF, J.L., Pirro, A., Svensson, M., Herken, R., Sasaki, T., Timpl, R., et al.
and 1 mM sodium orthovanadate). Protein concentration was deter- (2000). Skin and hair follicle integrity is crucially dependent on 1
mined using the BCA assay, and equal amounts (500 g–1mg) integrin expression on keratinocytes. EMBO J. 19, 3990–4003.
were incubated with 2 g of FAK monoclonal Ab (Upstate Biotech-
Chen, B.H., Tzen, J.T., Bresnick, A.R., and Chen, H.C. (2002). Roles
nology) and IgG control Ab at 4C overnight. Protein complexes
of Rho-associated kinase and myosin light chain kinase in morpho-
were collected by incubation with protein G sepharose, washed
logical and migratory defects of focal adhesion kinase-null cells. J.
three times with RIPA buffer (with PIs and sodium vanadate), and
Biol. Chem. 277, 33857–33863.
resuspended in 2 SDS sample buffer.
Crowley, E., and Horwitz, A.F. (1995). Tyrosine phosphorylation andSamples were subjected to electrophoresis through a 4%–12%
cytoskeletal tension regulate the release of fibroblast adhesions. J.gradient gel (Invitrogen) and transferred to nitrocellulose membrane
Cell Biol. 131, 525–537.and subjected to immunoblotting. All FAK and pY20 Abs were used
at 1:1000; HRP-coupled 2 Abs were used at 1:2500. Danen, E.H., and Yamada, K.M. (2001). Fibronectin, integrins, and
growth control. J. Cell. Physiol. 189, 1–13.
Danen, E.H., Sonneveld, P., Brakebusch, C., Fassler, R., and Son-Explant Outgrowth Migration Assays
nenberg, A. (2002). The fibronectin-binding integrins 51 and v3The procedure of Mazzalupo et al. (2002) was followed with some
differentially modulate RhoA-GTP loading, organization of cell ma-modifications. Briefly, back skins of E17.5 embryos were laid flat,
trix adhesions, and fibronectin fibrillogenesis. J. Cell Biol. 159, 1071–dermis side down. Four millimeter squares were cut and placed into
1086.FN-coated wells (24-well plate). Fifteen KO and WT explants were
cultured in 200 l medium at 32C, 5% CO2 (day 0). On day 1, DiPersio, C.M., Hodivala-Dilke, K.M., Jaenisch, R., Kreidberg, J.A.,
explants were submerged by adding 1.5 ml medium/well, and then and Hynes, R.O. (1997). 31 Integrin is required for normal develop-
monitored for 2–5 days. ment of the epidermal basement membrane. J. Cell Biol. 137,
For time-lapse movies, explants were placed in 35 mm plates 729–742.
(MatTek). On day 2, cells were washed with medium without carbon- Dowling, J., Yu, Q.C., and Fuchs, E. (1996). 4 integrin is required
ate, and buffered with 50 mM HEPES prior to filming. for hemidesmosome formation, cell adhesion and cell survival. J.
Cell Biol. 134, 559–572.
Videomicroscopy and Image Analyses Etienne-Manneville, S., and Hall, A. (2002). Rho GTPases in cell
Videomicroscopy and image analyses were as described previously biology. Nature 420, 629–635.
(Vaezi et al., 2002), except that a wide-field/spinning disc confocal
Fassler, R., Rohwedel, J., Maltsev, V., Bloch, W., Lentini, S., Guan,
microscope for real-time live cell imaging (Zeiss/Perkin-Elmer) was
K., Gullberg, D., Hescheler, J., Addicks, K., and Wobus, A.M. (1996).
employed. Cells were kept in a Solent Scientific environmental
Differentiation and integrity of cardiac muscle cells are impaired in
chamber. Images were captured with a Hamamatsu Orca ER cooled
the absence of 1 integrin. J. Cell Sci. 109, 2989–2999.
CCD camera controlled by UIC’s MetaMorph software (Universal
Feltri, M.L., Graus Porta, D., Previtali, S.C., Nodari, A., Migliavacca,Imaging).
B., Cassetti, A., Littlewood-Evans, A., Reichardt, L.F., Messing, A.,
Quattrini, A., et al. (2002). Conditional disruption of 1 integrin in
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